The effect of expressing human huntingtin fragments containing polyglutamine (polyQ) tracts of varying lengths was assessed in Caenorhabditis elegans ASH sensory neurons in young and old animals. Expression of a huntingtin fragment containing a polyQ tract of 150 residues (Htn-Q150) led to progressive ASH neurodegeneration but did not cause cell death. Progressive cell death and enhanced neurodegeneration were observed in ASH neurons that coexpressed Htn-Q150 and a subthreshold dose of a toxic OSM-10::green f luorescent protein (OSM-10::GFP) fusion protein. Htn-Q150 huntingtin protein fragments formed protein aggregates in ASH neurons, and the number of ASH neurons containing aggregates increased as animals aged. ASH neuronal cell death required ced-3 caspase function, indicating that the observed cell death is apoptotic. Of interest, ced-3 played a critical role in Htn-Q150-mediated neurodegeneration but not in OSM10::GFP-mediated ASH neurodegeneration. ced-3 function was important but not essential for the formation of protein aggregates. Finally, behavioral assays indicated that ASH neurons, coexpressing Htn-Q150 and OSM10::GFP, were functionally impaired at 3 days before the detection of neurodegeneration, cell death, and protein aggregates.
Huntington's disease (HD) is a dominantly inherited, progressive neurodegenerative human disorder caused by pathological expansion of a CAG repeat, encoding polyglutamine (polyQ), in the HD gene (1) . HD pathology is restricted to the central nervous system, despite widespread expression of huntingtin (2) , and results in progressive brain atrophy as well as selective neuronal cell loss, particularly in the striatum and deep layers of the frontal cortex (3, 4) . The length of the mutant CAG repeat correlates with age of neurological onset with typical HD alleles of 40-50 codons leading to midlife onset of the disease (1, 5) . In addition to HD, seven other dominant polyQ neurodegenerative diseases have been identified, including spinobulbar muscular atrophy (6) , dentatorubropallidoluysian atrophy (7) , and several spinocerebellar ataxias (spinocerebellar ataxia 1,2,3,6,7) (8) (9) (10) (11) (12) (13) (14) . Because the proteins encoded by these loci share no structural similarity outside the polyQ tract (15) , the polyQ tract itself has been implicated in driving the disease process with a modulatory role for protein context.
Although the pathogenic mechanism of HD and the other polyQ-mediated diseases is unknown, polyQ expansion alters the physical properties of the mutant huntingtin, as evidenced by decreased mobility on SDS͞PAGE and increased reactivity with specific monoclonal reagents (16, 17) . Aberrant behavior of mutant huntingtin also results in the formation of cytoplasmic aggregates and intranuclear inclusion bodies in HD brains (18) . Intranuclear inclusion bodies contain N-terminally truncated fragments of huntingtin, based on antibody studies. Recently, in vitro evidence for a ''toxic fragment'' model of HD has been obtained. A mouse model partially replicating HD was described by using the promoter and exon 1 of the HD gene with repeat lengths of 115-160 codons (19) . A progressive neurological phenotype was obtained without obvious neuropathology in young animals, and intranuclear inclusion bodies, containing the huntingtin fragment, were observed during postmortem examination (20, 21) . The same exon 1 protein fragment with an expanded repeat has the ability to aggregate in vitro (22) . In cell culture models, altered localization and aggregate formation is associated with progressive truncation of the huntingtin protein to small N-terminal fragments containing large expanded polyQ tracts (23) (24) (25) (26) .
We have begun to address the pathways of cellular dysfunction and death mediated by mutant huntingtin in a genetic system, the nematode Caenorhabditis elegans. The effects of pathogenic and control huntingtin fragments on the structure and function of ASH sensory neurons are studied. These neurons mediate behavior in response to various noxious stimuli, including nose touch, high osmolarity, and volatile repellants. The morphology, function, and survival of the ASH neurons is assessed by using a combination of vital dyes, immunohistochemical reagents, and behavioral assays (27) (28) (29) (30) .
MATERIALS AND METHODS
Plasmid Constructs. The osm-10 promoter containing plasmid pKP#52 was generated by insertion of a genomic fragment (PstI-BamHI) from cosmid T20H4 (GenBank accession no. U00037, bp 12,848-13,892) in the polylinker of pPD95.67 (31) (see website: file:͞͞ciw2.ciwemb.edu͞pub͞FireLabVectors). Two complementary oligonucleotides (ah90: 5Ј-GATCGAT-ATCGCGGCCGCGTCGACGA-3Ј and ah91: 5Ј-GATCTCG-TCGACGCGGCCGCGATATCC-3Ј) containing EcoRV and SalI sites (italicized) were inserted in the pKP#52 polylinker BamHI site, generating pHA#13. Comparable NcoI-XhoI fragments encoding the amino terminal 171 amino acids of huntingtin (GenBank accession no. L13292) with polyQ tracts of 2, 23, 95, and Ϸ150 residues were inserted between the pHA#13 EcoRV and SalI polylinker sites, generating pHA#14 (Q23), pHA#15 (Q95), pHA#16 (Q150), and pHA#22 (Q2). A Xba-linker (Stratagene), introducing a translational stop codon, was inserted in the StuI site immediately preceding the polyQ tract in pHA#16, creating pHA#56. pKP#58, expressing the OSM-10::green fluorescent protein (OSM-10::GFP) fusion protein using the osm-10 gene promoter, has been described (A.C.H., J. Kass, J. E. Shapiro, and J. M. Kaplan, unpublished work).
Transgenics. Transgenic lines. Transgenic animals were generated by using standard techniques (32) by injection of DNA pools containing constructs of interest and a dpy-20 rescue construct into the gonads of dpy-20(e1282) animals (33) . Standard DNA concentrations were 125 ng͞l for the dpy-20 rescue plasmid, 75 ng͞l for the huntingtin expression plasmids, and 30 ng͞l for pKP#58. A minimum of three (preferably five) independent lines were selected and analyzed for each DNA pool. The role of ced-3 function was analyzed by crossing individual arrays into MT5729 (dpy-20(e1282) unc-30(e191) ced-3(n717) IV). To avoid misinterpretations of array effects in the ced-3 mutant background because of survival of the ASI sister neuron, part of the neurons were scored in ignorance of extrachromosomal array present. Animals were transferred to fresh bacterial lawns every (other) day in aging experiments.
Analysis of Transgenic Animals. Dye filling. Animals were incubated for 1 hr in 100 ng͞l 1,1Ј-dioctadecyl-3,3,3Ј,3Ј-tetramethylindodicarbocyanine perchlorate (DiD) (34) (Molecular Probes). After destaining for 15 min to 1 hr on fresh bacterial lawns, animals were assayed for DiD uptake and GFP expression (when appropriate) by using an Axoplan2 microscope (Kramer Scientific, Burlington, MA). For each construct, a minimum of 150 ASH neurons were analyzed, except as noted. The percent of dye-filling defective ASH neurons reported represents the average of the dye-filling defect for the corresponding transgenic lines. Because the ASI, PHA, and PHB neurons gave less reproducible dye filling results in wild-type animals, they were excluded from these studies.
Antibody studies. HP1 (35) (1:1,000 dilution) and an anti-GFP mAb (1:500 dilution, CLONTECH) were used to detect the huntingtin fragments and the OSM-10::GFP fusion protein, respectively, in whole mount animals fixed with Bowin's (36) . An OSM-10 antisera (A.C.H., J. Kaas, J. E. Shapiro, and J. M. Kaplan, unpublished work) was used to confirm the death of the ASH neurons. To avoid the possibility of misinterpretation because of antibody penetration difficulties, we required positive staining for both ASI neurons and the contralateral ASH neuron before an ASH neuron was scored as absent in immunohistochemical experiments. Because the animals are intrinsically mosaic and the ASI expresses OSM-10 at lower levels than the ASH, this criterion will result in an underestimate of the actual percentage of dead cells of Ϸ50%. Images were captured by using a SenSys2 camera (Photometrics) and were processed by using IMAGEPRO (Media Cybernetics, Silver Spring, MD) and OPENLAB (Improvisions, Coventry, U.K.) image-analysis software. Confocal resolution was obtained by optical sectioning and a deconvolution program. Because of the nonspecific background of the huntingtin antisera used, we were unable to unambiguously identify the ASH without GFP coexpression. In addition, detection of the huntingtin fragments by Western blotting failed, likely because of the limited osm-10 expression pattern.
Behavioral assays. Nose touch assays were performed as described (29, 34) . The percent of trials in which animals responded to touch by stopping forward movement or reversing is reported.
RESULTS
Htn-Q150 Expression Caused a Dye-Filling Defect in ASH Neurons of 8-Day-Old Animals. Huntingtin fragments containing 2 (Htn-Q2), 23 (Htn-Q23), 95 (Htn-Q95) and Ϸ150 (Htn-Q150) residues were expressed in C. elegans by using the osm-10 gene promoter (Fig. 1) . The osm-10 gene is expressed in four classes of bilateral sensory neurons, ASH, ASI, PHA, and PHB ( Fig. 1; A. C.H., J. Kaas, J. E. Shapiro, and J. M. Kaplan, unpublished work). The sensory endings of these and several other C. elegans neurons are exposed to the environment and allow the neurons to take up lipophilic vital dyes, including fluorescein isothiocyanate or DiD. These fluorescent compounds accumulate in cellular membranes, allowing rapid visualization of these cells (Fig. 1) ; neurons that fail to take up the dye are either absent or have defective sensory endings (37, 38) . The vital dye DiD stains all neurons that express OSM-10 as well as four other classes of neurons ( Fig.  1 ). The effect of the huntingtin fragments on ASH staining with DiD (dye filling) was examined in 3-day-old and 8-day-old transgenic animals (Table 1) . At 8 days, Htn-Q150 led to a 13 Ϯ 4% dye-filling defect in the ASH neurons. No dye-filling defects were observed in neurons that did not express osm-10. The inherent mosaicism of the transgenic lines resulted in a modest underestimation of the Htn-Q150 effect [75% of ASH neurons expressed a GFP marker in comparable transgenic lines (data not shown)]. Htn-Q95, Htn-Q23, and Htn-Q2 caused no dye-filling defects. The Htn-Q150 effect depended on protein expression because a comparable construct containing a translational stop codon immediately before the CAG-repeat did not cause ASH neuron dye-filling defects at 8 days. Dye-filling assays cannot discriminate between ASH neuron death or defective ASH sensory endings. Hence, ASH neuron survival was investigated by using an antiserum that recognizes endogenous OSM-10 protein ( Fig. 1; A. C.H., J. Kaas, J. E. Shapiro, and J. M. Kaplan, unpublished work). Of the ASH neurons, 98% were present based on OSM-10 immunoreactivity in both Htn-Q150 and control animals. We conclude that expression of Htn-Q150 leads to degeneration or perturbation of the sensory ending of the ASH neuron but not to cell death. (5) 0% (204) 0% (207) Htn-Q95 (5) 0% (221) 0% (254) Htn-Q150 (13) 0% (406) 13 Ϯ 4% (578) Htn-Q150-stop (6) n.d.
0% (351)
Dye-filling experiments using the indicated transgenic animals were performed as described in Materials and Methods. The percentage of ASH neurons defective for DiD staining is reported. The number of ASH neurons scored is in parentheses. SEM also is reported. n.d., not determined. Htn-Q150 Caused ASH Cell Death and Enhanced DyeFilling Defects when Coexpressed with Subthreshold Levels of a Second Toxic Protein, OSM-10::GFP. Huntingtin fragments were coexpressed in ASH with a second protein, OSM-10::GFP. OSM-10 is a protein required in ASH for avoidance of high osmolarity via an unknown mechanism (A.C.H., J. Kaas, J. E. Shapiro, and J. M. Kaplan, unpublished work). Like endogenous OSM-10, OSM-10::GFP localizes to the cytoplasm of ASH, ASI, PH A, and PHB, but OSM-10::GFP is nonfunctional. Hence, OSM-10::GFP may interfere with the function of OSM-10. High level expression of OSM-10::GFP (but not GFP alone) under control of the osm-10 promoter caused ASH dye-filling defects. This causally implicates the OSM-10 protein moiety. High level expression of OSM-10::GFP caused a 30 Ϯ 11% ASH neuron dye filling defect at 8 days (three independent lines, 158 ASH neurons scored). A subthreshold level of OSM-10::GFP toxicity was obtained by low level expression, which caused a 1 Ϯ 1% ASH neuron dye-filling defect at 8 days (five independent lines, 225 ASH neurons scored) and was used in all subsequent experiments, unless stated otherwise. Coexpression of huntingtin fragments with OSM-10::GFP allowed rapid discrimination between dye-filling defects and cell death (and avoided underscoring caused by mosaicism). ASH neurons that expressed OSM-10::GFP but failed to dye fill were scored as dye-filling defective; ASH neurons that were dye-filling defective and did not show OSM-10::GFP expression were scored as dead. In these experiments, Htn-Q23 and Htn-Q2 expression caused no defects. Htn-Q95 expression led to dye-filling defects of 5 Ϯ 3% at 8 days (Table 2 ) but no cell death (Table 3) . Htn-Q150 expression led to a 3 Ϯ 1% dye-filling defect at 3 days that increased to 27 Ϯ 6% at 8 days. Importantly, Htn-Q150 expression also led to 2 Ϯ 1% dead cells at 3 days, increasing at 8 days to 11 Ϯ 2% [integration of a Htn-Q150 transgene did not increase the percentage of dead ASH neurons scored (data not shown)]. By using the OSM-10 antisera to confirm ASH cell death, at least 6% of the Htn-Q150 ASH neurons were scored as dead. Dye-filling defective ASH neurons at 8 days were often morphologically distinct. They appeared as ''speckled bags,'' swelling to 2-3 times the size of an unaffected ASH neuron and containing no recognizable intracellular structures as assessed by Nomarski optics (only numerous unidentified faint GFP dots were visible; Fig. 2 ). Less severely affected ASH neurons also were observed that were swollen but otherwise normal in structure and morphology. Because enhanced toxicity of N-terminal huntingtin fragments might depend on the reduced length of such fragments (23) (24) (25) (26) , we examined the effect of a shorter N-terminal fragment (Htn-Q150, amino acids 1-79) coexpressed with OSM-10::GFP. This shorter huntingtin fragment caused nearly identical results in dyefilling defects and cell death assays as the longer fragment (data not shown). These experiments indicate that the effects of the huntingtin transgenes on ASH (dye-filling defects and cell death combined) increased with the length of the polyQ tract, with 5% ASH affected at 8 days by Htn-Q95, 5% ASH affected at 3 days by Htn-Q150, and 38% affected at 8 days by Htn-Q150.
Htn-Q150 Expression Leads to the Formation of Protein Aggregates. Having established that expression of huntingtin fragments in the ASH led to polyQ-dependent progressive degeneration and death, we used the huntingtin antisera HP1 (35) to visualize and quantify the huntingtin fragments. OSM-10::GFP expression allowed unambiguous identification of the ASH in fixed transgenic animals based on visualization of the GFP marker. Huntingtin fragments were detected at 3 days and 8 days in the cytoplasm and in the sensory and axonal processes of GFP-expressing ASH neurons (Fig. 3.) . The percentage of huntingtin immunoreactive ASH neurons and the relative expression levels were comparable for all transgenic lines tested. At 3 days and 8 days, ASH neurons expressing the Htn-Q2 and Htn-Q95 fragments showed diffuse cytoplasmic and process labeling (Fig. 3 a, b, d, and e) . The Htn-Q150 fragment immunoreactivity was similarly diffuse in 95% of ASH neurons at 3 days (Fig. 3c) . The remaining 5% of 3-day old Htn-Q150-expressing neurons contained discrete accumulations of huntingtin immunoreactivity, as observed in three independent transgenic lines, rtEx1, rtEx4, and rtEx5. At Dye-filling experiments, using the specified transgenic animals were performed as described in Materials and Methods. The percentage of ASH neurons defective for DiD staining and positive for OSM-10::GFP staining is reported. The number of ASH neurons scored is in parentheses. SEM also is reported. Dye-filling experiments using the indicated transgenic animals were performed as described in Materials and Methods. The percentage of ASH neurons defective for DiD staining and negative for OSM-10::GFP staining is reported. The number of ASH neurons scored is in parentheses. SEM also is reported.
8 days, the number of Htn-Q150-expressing cells with large and small cytoplasmic aggregates had increased 11-fold to 55% for rtEx1, rtEx4, and rtEx5 (Fig. 3f ) . These structures were often visible by using Nomarski illumination and visible light. The cytoplasmic aggregates did not contain ubiquitin immunoreactivity. Nuclear inclusions were not detected with HP1 or MAb1 (18) (the huntingtin antisera originally used to immunohistochemically identify nuclear inclusions) at confocal resolution. We concluded that Htn-Q150 expression, but not Htn-Q95 expression, can lead to progressive formation of huntingtin-positive cytoplasmic aggregates.
Htn-Q150 Activates an Apoptotic Cell Death Pathway. Cell death pathways, including programmed cell death (apoptosis), have been well characterized genetically and molecularly in C. elegans (39) . Loss of function mutations in ced-3, a gene encoding a member of the ICE family of cysteine proteases (caspases), prevent developmental apoptosis in C. elegans. To address the contribution of apoptosis to Htn-Q150͞ OSM-10::GFP-mediated cell death, the requirement for ced-3 function was assessed. An array, rtEx1, which caused 10% cell death in ced-3 (ϩ) animals at 8 days (59 ASH neurons scored) was unable to cause cell death in ced-3 animals (111 ASH neurons scored). To confirm array integrity, we returned rtEx1 to a wild-type background, which restores cell death to the original level at 9% (130 ASH neurons scored). Similar ced-3 suppression was observed for multiple independent transgenic lines by using a second Htn-Q150 construct (A. Gupta, P.W.F., and A.C.H., unpublished work). As described in the previous section, independent expression of either Htn-Q150 or high levels of OSM-10::GFP caused dye-filling defects but not cell death. As a first step toward elucidating the respective roles of Htn-Q150 and OSM10::GFP in ASH cell death, we determined their effect in a ced-3 mutant background. The dyefilling defect caused by high level OSM-10::GFP expression was independent of ced-3 function. Two individual OSM-10::GFP expressing extrachromosomal arrays (rtEx100 and rtEx101) caused comparable dye-filling defects in ced-3 (ϩ) and ced-3 mutant backgrounds at 8 days (31 Ϯ 20%, 74 ASH neurons scored, and 35 Ϯ 12%, 112 ASH neurons scored, respectively). Returning the arrays to a ced-3 (ϩ) background caused a similar 32 Ϯ 8% dye-filling defect at 8 days (89 ASH neurons scored). However, examination of the Htn-Q150-mediated dye-filling defect in ced-3 animals led to a surprising finding. Three individual Htn-Q150-expressing extrachromosomal arrays, (rtEx102, rtEx103, and rtEx104) caused a 30 Ϯ 4% dye-filling defect (117 ASH neurons scored) in ced-3 (ϩ) animals, but only a 7 Ϯ 1% dye-filling defect (149 ASH neurons scored) in ced-3 animals at 8 days. To confirm Htn-Q150 array integrity, we returned these arrays to a ced-3 (ϩ) background, which restored the original dye-filling defect (25 Ϯ 3%, 166 ASH neurons scored).
Next, we quantified the effect ced-3 function on Htn-Q150-mediated protein aggregation. For rtEx1 at 8 days, we observed aggregates in 51% of the Htn-Q150-expressing ASH neurons in a wild-type background, in 22% of the Htn-Q150-expressing ASH neurons in ced-3 mutant animals, and in 59% of Htn-Q150-expressing ASH neurons when rtEx1 was crossed back in a wild-type background. We conclude that ced-3 function is required for Htn-Q150-mediated death of ASH neurons that coexpress OSM-10::GFP, plays an important role in the dyefilling defect of ASH neurons that only express Htn-Q150, and plays a role in the formation of the cytoplasmic aggregates in ASH neurons that coexpress OSM-10::GFP.
Htn-Q150 and OSM-10::GFP Coexpression Perturbs ASH Function in Young Animals. Finally, we addressed ASH function in behavioral assays. Wild-type animals stop forward motion and back up in response to nose touch in 70-80% of nose touch trials. Laser ablation of the two bilateral ASH neurons causes a marked decrease in this response to 35% (29) . Control and transgenic animals coexpressing Htn-Q150, Htn-Q95, Htn-Q23, and Htn-Q2 with OSM-10::GFP were assayed, as were animals expressing either Htn-Q150 or high levels of OSM-10::GFP, independently. Function of the ASH neurons was unperturbed in animals expressing Htn-Q150 or OSM-10::GFP individually. They responded in Ͼ70% of nose touch trials (Fig. 4) . Animals expressing either Htn-Q2 or Htn-Q23 in combination with OSM-10::GFP also showed a normal response. In contrast, animals expressing either Htn -FIG. 3 . Htn-Q150 expression led to time-dependent protein aggregation in sensitized ASH neurons. (a-c Upper) Visualization of Htn-Q2, Htn-Q95, and Htn-Q150 expression in sensitized ASH sensory neurons in 3-day-old transgenic animals by using the antihuntingtin HP1 (35) antiserum in red. All huntingtin fragments were expressed at similar levels and were found in the cytoplasm and processes without accumulation in obvious intracellular structures. For Htn-Q150, the huntingtin fragments accumulated into discrete foci or aggregates in a very small percentage of the Htn-Q150 expressing ASH sensory neurons (aggregates were found in random locations in the cytoplasm and processes but not in the nucleus, based on visual examination). Q95 or Htn-Q150 in combination with OSM-10::GFP were defective for ASH-mediated response to nose touch, a modest defect for Htn-Q95 (64 Ϯ 3%) and a pronounced defect for Htn-Q150 (41 Ϯ 5%). We concluded that Htn-Q150͞ OSM-10::GFP coexpression caused abnormal nose touch response, which approaches the abnormal nose touch response of animals lacking both ASH neurons.
DISCUSSION
Huntington's disease (HD) is one of eight human neurodegenerative disorders caused by expansion of a CAG repeat encoding a polyQ tract (6, (8) (9) (10) (11) (12) (13) (14) . The pathogenic mechanism underlying these diseases is poorly understood. To address the mechanism of polyQ-mediated cellular dysfunction and death genetically, we are using the nematode C. elegans. The nervous system of C. elegans is well characterized, and the organism is amendable to powerful genetic studies. By using the osm-10 gene promoter, huntingtin fragments were expressed in a limited set of C. elegans neurons to study the effects of these fragments at single cell resolution. We focused on the ASH sensory neurons to correlate ASH neuron function, morphology, and survival through the use of behavioral assays and vital dyes͞immunohistochemical reagents (27) (28) (29) (30) . Four N-terminal huntingtin fragments (Htn-Q2, Htn-Q23, Htn-Q95, and Htn-Q150) were expressed in the ASH sensory neurons, alone or in combination with subthreshold levels of a second toxic transgene, OSM-10::GFP. When expressed alone, only Htn-Q150 caused a dye filling defect at 8 days. No cell death was observed, nor were the animals defective in a sensitive behavioral assay, nose touch. In combination with OSM-10::GFP the effects were more pronounced and revealed important properties of polyQ-toxicity in C. elegans. As in humans, (i) the age of onset and severity increased with repeat length (as determined for dye-filling defects and death by Htn-Q95 and Htn-Q150); (ii) toxicity is accompanied by the appearance of protein aggregates (as shown for Htn-Q150) and (iii) loss of neuronal function precedes physical degeneration (as determined for Htn-Q95 and Htn-Q150 nose touch defects versus their dye-filling defects and cell death). These observations and correlations validate the ASH neurons in C. elegans as a model system for analysis of polyQ toxicity.
In C. elegans, as in mouse models for either huntingtin fragments (19) , full length ataxin-1 (40) , an ataxin-3 fragment (41), or a polyQ tract (42), a very long polyQ tract is necessary to generate a phenotype. Similarly, two recent Drosophila models used long polyQ tracts for either a fragment of the spinocerebellar ataxia 3 protein (43) or an N-terminal huntingtin fragment (44) . Differences in species, time-frame, and expression levels to cell-type used could explain the requirement for these long tracts in model systems versus the human diseases. To study the effects of the huntingtin fragments on additional C. elegans cell types, we performed a preliminary analysis of transgenic animals expressing huntingtin fragments in all neurons (unc-119 promoter) or in all cells (dpy-30 promoter) and observed no overt phenotypes (data not shown). A rapid onset in C. elegans may require a second toxic stimulus, such as OSM-10::GFP coexpression. Ectopically expressed N-terminal huntingtin fragments containing expanded polyQ tracts enhanced susceptibility of 293T cells to sublethal levels of tamoxifen (23) and of N2A cells to staurosporine (24) . Both tamoxifen and staurosporine are apoptotic agents. The experiments using OSM-10::GFP indicated that the sensitizing agent for enhanced polyQ-toxicity need not be apoptotic per se. OSM-10::GFP acts nonapoptotically, as a ced-3 mutation did not affect the dye-filling defect caused by high level expression of OSM-10::GFP. The fact that unenhanced polyQ-mediated phenotypes were observed in mouse and Drosophila models might reflect the longer life-span of these organisms. Currently, the molecular basis of OSM-10::GFP toxicity is being addressed and the effects of various other apoptotic͞nonapoptotic agents on Htn-Q150 toxicity are being assessed (B. Westlund, J. Spoerke, P.W.F., and A.C.H., unpublished work).
Apoptotic cell death has been implicated in HD because increased levels of DNA strand breaks, indicative of apoptosis, have been observed in brains of HD patients (45) . Although the morphological changes we observed were not indicative of apoptotic cell death in C. elegans (46), we addressed the involvement of apoptosis in Htn-Q150͞OSM-10::GFP-mediated ASH defects genetically. Although the percentage of ASH cell death is relatively low, we observed that Htn-Q150͞OSM10::GFP mediated ASH cell death depends on ced-3 function. We suggest that Htn-Q150 induces this apoptotic cell death because the ability of Htn-Q150 alone to cause an ASH neuron dye-filling defect at 8 days was significantly reduced in a ced-3 mutant background. In contrast, the ability of OSM-10::GFP alone to cause an ASH neuron dye-filling defect was unchanged in a ced-3 mutant background. These results are consistent with the reported involvement of apoptosis in polyQ-mediated cell death in Drosophila models based on p35 inhibition of cell death (43) or morphology (44) .
The Htn-Q2, Htn-Q95 and Htn-Q150 huntingtin fragments expressed in ASH neurons localize to the cytoplasm. We observed the accumulation of large and small cytoplasmic aggregates for Htn-Q150 with increased age. For Htn-Q95, Htn-Q23, and Htn-Q2, no detectable aggregates were observed, even though expression levels were estimated to be similar to Htn-Q150. Insoluble protein aggregates, either in patient material or in in vitro systems, have become a hallmark of polyQ disease after the initial identification of nuclear inclusion bodies in both a mouse model for HD that used exon 1 of the HD gene with a polyQ tract of Ϸ150 residues and in HD brain patient material (18, 20) . It has, however, not been established whether such aggregates are cause or consequence of the disease process. The fact that Htn-Q95 led to a minor nose touch defect at 3 days without detectable protein aggregates and the Htn-Q150 led to a major nose touch defect at 3 days with minor aggregation suggests that cellular dysfunction may precede the formation of protein aggregates and may precede dye-filling defects and cell death.
Htn-Q150 and OSM10::GFP co-expression severely impaired the ability of the animal to respond in the nose touch assay. Nose touch is detected by three classes of sensory neurons (ASH, OLQ, FLP), and removal of both ASH neurons in an animal by laser microsurgery eliminates roughly twothirds of the ability to respond to nose touch (29) . Of importance, ablation of one ASH neuron does not impair nose touch response. The 41% residual response we measured suggests that the effect is highly penetrant; given the inherent mosaicism of these transgenic lines, virtually every ASH containing an array is defective in nose touch response. In addition, we tested Htn-Q2͞OSM-10::GFP and Htn-Q150͞OSM-10::GFP transgenic animals in the less-sensitive osmotic avoidance assay and observed minor defect in Htn-Q150 animals (data not shown). The ASH neurons, therefore, show loss of function before cell death, protein aggregation, or morphological changes occur. This finding mimics observations for HD patients and transgenic mice in which dysfunction and brain atrophy precede detectable cell loss (4, 19) .
In summary, by expressing N-terminal huntingtin fragments in ASH sensory neurons, we have generated a model of polyQ-mediated cellular toxicity in C. elegans that mimic aspects of the human diseases. Genes͞pathways involved in the deleterious effects of expanded polyQ domains on neuronal function can be identified by using genetic approaches and will become immediate targets for analysis of their role in these human diseases. Ultimately, these studies may lead to therapies for the human disorders at early stages in the disease process, preserving function of the afflicted neurons. 
